ABSTRACT The feasibility of using a high-resolution scanning transmission electron microscope to study the diffusion of heavy atoms on thin film substrates of low atomic number has been investigated. We have shown that it is possible to visualize the diffusion of individual uranium atoms adsorbed to thin carbon film substrates and that the observed motion of the atoms does not appear to be induced by the incident electron beam. Advances in high-resolution transmission electron microscopy during the past several years have made possible the observation of individual heavy atoms on thin substrates of low atomic number (e.g., refs. 1-5). Studies at atomic resolution of atoms adsorbed to light element substrates could be of value in acquiring an improved understanding of chemisorption, catalysis, and the earliest stages of thin film nucleation. It is the purpose of this paper to demonstrate that a scanning transmission electron microscope (STEM) capable of atomic resolution may be a useful instrument for surface science studies and, in particular, that it is capable of reliably observing the diffusion of individual atoms on thin film substrates.
ABSTRACT The feasibility of using a high-resolution scanning transmission electron microscope to study the diffusion of heavy atoms on thin film substrates of low atomic number has been investigated. We have shown that it is possible to visualize the diffusion of individual uranium atoms adsorbed to thin carbon film substrates and that the observed motion of the atoms does not appear to be induced by the incident electron beam. Advances in high-resolution transmission electron microscopy during the past several years have made possible the observation of individual heavy atoms on thin substrates of low atomic number (e.g., refs. [1] [2] [3] [4] [5] . Studies at atomic resolution of atoms adsorbed to light element substrates could be of value in acquiring an improved understanding of chemisorption, catalysis, and the earliest stages of thin film nucleation. It is the purpose of this paper to demonstrate that a scanning transmission electron microscope (STEM) capable of atomic resolution may be a useful instrument for surface science studies and, in particular, that it is capable of reliably observing the diffusion of individual atoms on thin film substrates.
In the STEM, an atomic resolution image can be formed by scanning an electron beam less than 5 A in diameter across a specimen in a raster fashion while collecting the transmitted elastically scattered electrons with an annular detector located beneath the specimen (6) (see Fig. 1 ). The electron current striking the detector is then used to modulate the intensity of a synchronously scanned display (usually in the form of a cathode ray tube or a television). Since the cross-section for elastic scattering of electrons is approximately proportional to z7/2 (7) (where Z is the atomic number), the number of elastically scattered electrons increases as the electron beam is scanned across a heavy atom, causing the image of the atom to appear as a bright spot on the display. The size of this "bright spot" is determined almost entirely by the diameter of the incident electron beam for beam diameters greater than 1 A (8).
There are, of course, other techniques that can be used to study the adsorption and diffusion of atoms on surfaces at atomic or near-atomic resolution, such as field ion and field emission microscopy and low-energy electron diffraction. Of these techniques, only the field ion microscope is capable of atomic resolution on a local scale, and some work has been done using this capability to study the diffusion of individual adatoms on small crystal planes of some refractory metals (e.g., refs. 9-11). The types of substrates that can be studied with field ion microscopy are, however, limited to those that can be fabricated into filaments with extremely sharp points of about 1000 A in diameter.
The [1] where n is the atomic density of the substrate and d is the substrate thickness.
As an example of the types of materials that can be studied, the incident electron beam. This last point has been discussed in detail in previous publications, where it was pointed out that some atoms appear to be more susceptible to beam-induced motion than others (12, 13) . In this paper, we will only discuss results of uranium atoms adsorbed on thin carbon substrates.
Our measurements indicate little beam-induced motion for this system.
MATERIALS AND METHODS
The Microscope. The characteristics of the STEM used for this study have been described in detail before (4) and only a brief summary will be given here. No effort has yet been made to optimize the system for studying surface 3 X 10-10 torr (0.39 nPa). A double air lock specimen-exchange mechanism enables specimens to be inserted into the microscope without degrading the microscope vacuum. There are no oil pumps used within the system and the forepumping is performed with cryosorption pumps. This hydrocarbon-free high vacuum, coupled with careful consideration of vacuum components, cleanliness of specimen preparation, and a mild infrared heating of the specimen prior to insertion into the microscope chamber (14) , insures negligible contamination of the specimen (13) . One can continuously view a specimen for periods exceeding an hour using more than 10-11 amp of beam current with a field of view of 4 X 104 A2 with no evidence of contamination (i.e., the build-up of polymerized adsorbed vapors in the field of view is less than 3 X 10-4 A/sec).
Specimen Preparation. The specimens were prepared by placing about 3 pil of a freshly prepared 1.5 mM solution of U02C12 onto a 20-A thick hydrophilic carbon film for 30 sec, followed by pipetting off the excess solution. The carbon film substrates were prepared by direct current resistive arc evaporation of spectroscopically pure graphite rods onto air-cleaved NaCl crystals (14) . The evaporation was performed in a completely oil-free bell jar system. The films were floated off the salt substrates onto the surface of deionized water (Millipore Super Q) and immediately transferred onto specially prepared 100 mesh titanium electron microscope grids that had previously been covered with a fenestrated Lucite film coated on both sides with evaporated carbon. The numbers of extraneous heavy atoms on the films were determined by observation of the films in the STEM before application of the solution of heavy atoms. In all cases, the films had less than two extraneous heavy atoms per 104 A2 field of view prior to application of a specimen (see Fig. 3A ). The specimens were observed with the heavy atoms on the side of the carbon film away from the source of the electron beam.
Micrographs. The magnification of all micrographs was calibrated to 5% accuracy as described in ref. 4 . Due to a flucPhysics: Isaacson et 
and slight nonlinearities in the electronic scanning system, there is a 5-8% distortion over a 200-A field of view which changes as a function of time.
All micrographs shown in this paper were obtained using the scattered electron current collected by the annular detector beneath the objective lens. This signal was electronically normalized by the incident beam current (14) . Recording exposure times were 16.7 sec, the incident beam energy was 28.6 keV, the incident beam currents about 10-11 amp.
Data Analysis. We have found that analysis of atom motion can be greatly simplified and more easily characterized by photographing 16 mm motion picture frames directly from the image produced on our video display system using a "timelapse" cine technique. After each raster scan of the beam across the specimen, the entire image is stored and displayed on a television screen by our slow-scan video display system (15) and three 16 mm motion picture frames are recorded (with 1 sec exposure). During this time, the beam does not irradiate the field of view. Specimen contamination can be less than 3 X 10-4 A/sec and electrical and mechanical stability such that there is less than 20 A absolute drift per hr. Thus, we can accumulate more than 100 scans over times in excess of an hour.
The motion picture frames are played back at 12-16 frames/sec to create the appearance of continuous motion. This "time-lapse" movie allows us to exclude apparent motion due only to mechanical and electrical drifting. Once these types of motion are determined, we can then make an analysis on a frame-by-frame basis.
For measurements of observed atom trajectories (atom motion from exposure to exposure), atomic coordinates were measured directly from this 16 mm "movie" with the aid of GALATEA (16) , an interactive computer-controlled projector and spark pen digitizing system. Selected motion events were further analyzed in local coordinate systems referred to nearby fiducials (structural features in the substrate background or clusters of atoms that appeared to remain stationary throughout the course of the film). Frame-to-frame linear distortion and drift were taken into account through a least-squares adjustment of the apparent motion of these fiducials. After these corrections, the root-mean-square apparent motion of the fiducials themselves was about 0.3 A.
RESULTS
A micrograph of a typical carbon film substrate before application of heavy atoms is shown in Fig. 3A . The micrograph was obtained with suitable electronic amplification and dc level suppression to best show the film structure, which is typical of carbon film substrates prepared by evaporation onto NaCl crystals. The broad intensity variations correspond to differences in the local mass thickness. Note that there are few objects in this field of 1.6 X 104 A2 that have the size or intensity of heavy atom spots. A2. We find no net change in the number of heavy atom spots from the first scan to the one-hundredth scan across the same field of view (12) . In Fig. 4 graph but was used in order to obtain a reasonable signal-tonoise ratio to demonstrate individual atom diffusion. The types of motion that were observed can be classified into several categories, and we have presented examples for some of the distinct types. In Fig. 4A and B are shown micrographs of the motion of pairs of adatoms. For the types of specimens studied here, there appears to be a preference for the atoms to occur in pairs. This is consistent with our earlier observations that the nearest neighbor distributions of these atoms in these specimens tend to have a sharp peak at spacings between atom pairs of 4-5 A (12) (for adatom concentrations of 60 to 300 per 6 x 104 A2 field). These pair motions occur either as translations of the pair or as oscillations and rotations of one member of the pair with respect to the other. Note that in Fig. 4A the adatom pair tends to appear as a large spot due to the fact that the atoms are separated by less than the diameter of our probe and so are not resolved as separate entities.
In Fig. 4C are shown micrographs of an adatom migrating towards a larger cluster of atoms. Note that the adatom spot appears to change intensity during its motion. Such a phenomenon is commonly observed, and it is not known whether this is indicative of the accumulation of an additional atom along its path, or due to the change in the local potential in the neighborhood of the atom (which would change the effective potential that the incident electron experiences and, hence, the probability of elastic scattering), or due to multiple ionizations.
In Fig. 4D are shown a series of micrographs in which one adatom near the center of the picture migrates away from the others towards the right of the micrograph.
Finally, in Fig. 4E are shown a series of 12 micrographs in which 7 or 8 atoms within a 10 A area appear to be connected together like a chain. This chain (best seen in the exposure taken 9 min after the first exposure) appears to exhibit "flopping" motion as a function of time. We have seen clusters such as this with more closely spaced atoms that appear to be just as mobile and other clusters that appear to be quite stable as a function of time. These stable clusters are the ones that we use as our local fiducial markers.
DISCUSSION
There are two fundamental questions that have to be answered concerning whether we are observing the thermal diffusion of adsorbed uranium atoms on a carbon film substrate. The first is whether the motion that we observe is due to electrical or mechanical instabilities in our system. In order to check this, we have measured the apparent adatom jump sizes and directions and have plotted them on an absolute basis referred to a local coordinate system, as described earlier. Three typical plots for individual adatom motion are shown in Fig. 5A -C along with the apparent motion of the "fiducials" that we have used to define the local coordinate system (Fig. 5D) is the time between exposures. The observed frequency of motion is the sum of two terms, the frequency of the thermal induced motion, VT, and VBI the frequency of motion due to all beam-induced effects. Since vBI depends upon the incident beam current, the variation of the observed frequency of motion with the incident beam current gives us a measure of the magnitude of beam-induced effects (12) .
From our measurements of uranium atom motion on thin film carbon substrates at room temperature as a function of the incident beam current, we have found that within our experimental errors (see ref.
12) there appears to be only a very slight dependence of MOB on the incident beam current, and we can put an upper limit on the cross-section for beam-induced motion of uranium atoms on carbon by irradiation of 28.6 keV electrons to be VBI < 8.2 X 10-9 A2 (which is about 108 times smaller than the cross-section for elastic scattering).
We obtain from our measurements that PT ; (5 + 2) X 10-4/sec. By varying the temperature of the substrate, we could obtain the activation energy for surface diffusion of these individual uranium atoms, EA, using the classical rate equa-
where Po is the rate at which the adsorbed atom tries to surmount the potential barrier EA, kT is the thermal energy of the substrate surface (0.026 eV at room temperature), and VT is the frequency at which the adsorbed species moved from one binding site to another. Although it appears from our measurements that there is little beam-induced motion, we cannot yet preclude the possibility of certain beam-induced effects occurring at electron doses much less than those with which we have made our exposures. The smallest dose per exposure that we have used for the data presented here has been about 9000 electrons/A2, which corresponds to almost 20,000 electrons incident on each atom per exposure. This results in about 2000 electrons being elastically scattered and 200 electrons inelastically scattered from an atom per exposure. While we have made some preliminary measurements at doses ten times less than this and found no additional evidence of beam-induced effects, we cannot definitely state that the motion phenomena being observed have not been altered by beam-induced effects (i.e., that the motion we observe is due to only tightly bound atoms, the very loosely bound ones being desorbed after a few inelastic scattering events, or that we are only visualizing atoms bound to beam-induced sites on the carbon film substrate). Further work is needed to clarify these points.
CONCLUSION
The point we wish to stress is that neither the measurement technique nor the instrument used for our work has been optimized specifically for studying surface diffusion effects. In addition, the substrate-adsorbate system that was chosen for study (uranium on carbon) was chosen primarily for its relative ease of sample preparation and not necessarily for its intrinsic scientific interest.
We have shown that it is possible to directly observe individual adatom diffusion with the STEM. As specimen preparation techniques improve (i.e., vapor deposition instead of solvent evaporation) and as data acquisition techniques become more sophisticated, such an instrument may be able to be used to provide fundamental information regarding chemisoption and nucleation phenomena. There are technical problems that must be overcome before the ultimate potential of the STEM for studying atomic diffusion is realized, but these problems do not appear to be insurmountable.
